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INTERFERENCE €EATING ON A SWEPT CYLINDER I N  REGION OF 

INTERSECTION WITH A WEDGE AT MACH NUMBER 8 

By Dennis M. Bushnell 
Langley Research Center 

SUMMARY 

Local heat- t ransfer  r a t e s  and pressures have been measured on a cylinder 
i n  t h e  interference flow region between the  cylinder and a Eo half-angle wedge. 
The t e s t s  were conducted a t  a Mach number of 8 with t h e  cylinder a t  sweep 
angles of 45' and 60° with respect t o  the  f r e e  stream. 

Comparison of the  heat- t ransfer  data  with theory indicates  t h a t  the  
boundary-layer flow changed from laminar t o  f u l l y  turbulent  over the  t e s t  
Reynolds number range which w a s  from 0.77 x lo5 t o  8.7 x lo5 based on free-  
stream conditions and cylinder diameter. Tests were made with the base of 
the  cylinder attached t o  and then separated from t h e  wedge i n  order t o  
invest igate  possible flow-separation e f f e c t s  i n  the  in te rsec t ion  region. 

Results indicate  tha t  f o r  both sweep angles, l o c a l  heating i s  increased 
along the portion of the cylinder subjected t o  t h e  wedge flow, but the  maximum 
increase can be predicted f o r  both laminar and turbulent boundary-layer flow by 
using l o c a l  wedge flow conditions i n  the  i n f i n i t e  swept-cylinder theories  of 
NASA TR R-104. Because of the  higher l o c a l  Reynolds number i n  the wedge flow 
region, t r a n s i t i o n  occurs along the  cylinder stagnation l i n e  a t  a lower value 
of free-stream Reynolds number f o r  the  cylinder-wedge configurations than f o r  
t h e  undisturbed cylinder; however, the  l o c a l  Reynolds number f o r  t r a n s i t i o n  
based on conditions ahead of t h e  cylinder bow shock and the  cylinder diameter 
w a s  v i r t u a l l y  the  same f o r  a l l  t h e  configurations tes ted .  

The in te rsec t ion  of the  wedge shock with the  cylinder bow shock caused a 
large favorable spanwise pressure gradient along the  cylinder, but no l o c a l  
increases i n  heating were observed i n  t h i s  region. 

INTRODUCTION 

Local heat- t ransfer  r a t e s  and pressures on a body may be considerably 
a l t e r e d  by t h e  interference flow f i e l d  associated with an adjoining body. 
Examples of such a s i t u a t i o n  would be a wing-body juncture and the  intersec-  
t i o n  region between a control  surface o r  antenna and t h e  supporting s t ructure .  
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An interference flow with p r a c t i c a l  appl icat ion t o  hypersonic vehicles i s  
generated i n  t h e  in te rsec t ion  region between a swept cylinder and a wedge. This 
configuration allows a s implif ied analysis  of tes t  r e s u l t s  based on l o c a l  flow 
conditions and enables an invest igat ion of both t h e  boundary-layer in te rac t ion  
problem i n  t h e  in te rsec t ion  region i tself  and t h e  shock intersect ion problem 
which occurs f a r t h e r  out on the  cylinder. 

Invest igat ions have been made of the  heating on swept leading edges 
attached t o  a long f l a t  p l a t e  or f a r  back on an adjoining body ( re fs .  1, 2, 
and 3 ) .  These invest igat ions w e r e  made a t  a Mach number of 4.5 or l e s s  over a 
l imited Reynolds number range. The configurations used i n  these references were 
equivalent t o  having t h e  leading edge completely submerged i n  the  flow f i e l d  of 
the  supporting body; t h a t  is, no shock impingement on the  leading edge occurred. 

Two previous invest igat ions similar t o  t h e  present one are reported i n  
references 4 and 5 .  
angle wedge with a cylinder attached a t  sweep angles of 20' and 60'. 
were car r ied  out a t  a Mach number of 4.13 over a Reynolds number range such 
t h a t  the  boundary l a y e r  w a s  always turbulent .  Higher heating r a t e s  were meas- 
ured i n  the  wedge flow region, but the  magnitudes could be predicted by using 
the  turbulent theory of reference 6 and l o c a l  flow conditions. 
e f f e c t s  of wedge shock impingement and no e f f e c t  of flow separation on heat 
t r a n s f e r  t o  t h e  cyl inder  w a s  noted with t h e  leading edge swept 60'. 
leading edge swept 20°, t h e  la rge  increases i n  pressure and heat t r a n s f e r  t h a t  
occurred i n  the  interference region were a t t r i b u t e d  t o  flow-separation e f f e c t s .  
However, t h e  lack  of schl ieren data  and t h e  f a c t  t h a t  the wedge shock impinge- 
ment w a s  only s l i g h t l y  outboard of the peak heating locat ion made separation of 
the  e f f e c t s  caused by shock impingement and flow separation uncertain. 

The configuration of reference 4 consisted of an 8' half-  
The t e s t s  

Negligible 

With the  

The configuration of reference 5 consisted of a 60° swept f i n  with a cylin- 
d r i c a l  leading edge. The f i n  w a s  mounted on a f l a t  p l a t e  and tes ted  a t  a Mach 
number of 6. 
p l a t e  in te rsec ted  the  f i n  leading edge. The Reynolds number range of the  t e s t s  
w a s  l a rge  enough so t h a t  both laminar and turbulent  boundary-layer flow occurred 
a t  t h e  stagnation l i n e .  A s  there  were only f i v e  instrumentation locat ions along 
the  cylinder stagnation l i n e ,  the e f f e c t s  of t h e  shock in te rsec t ion  and flow 
separation a t  t h e  juncture could not be studied i n  d e t a i l .  Also, the  e f f e c t s  
due t o  shock i n t e r s e c t i o n  could not be separated from those due t o  flow separa- 
t i o n .  However, t h e  maximum measured heating r a t e s  could be predicted by using 
turbulent in f in i te -cy l inder  theory and l o c a l  conditions. 

A weak shock wave which or iginated a t  the  leading edge of t h e  

The present invest igat ion w a s  undertaken t o  provide data f o r  the i n t e r f e r -  
ence region between a l2' half-angle wedge and a swept cylinder. 
made a t  a Mach number of 8 and over a Reynolds number range suf f ic ien t ly  la rge  
t o  obtain both laminar and turbulent flow. 
were provided with closely spaced instrumentation so t h a t  d e t a i l s  of the flow- 
separation and shock-intersection phenomena could be obtained. Tests were made 
with the  cylinders attached t o  the wedge and separated from the wedge i n  order 
t o  invest igate  separately the  shock-impingement phenomena. The Reynolds number 

Tests were 

The 4 5 O  and 60° swept cylinders 
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based on free-stream conditions and cylinder diameter ranged from 0.77 X lo5 to 
8.7 x 105. 

SYMBOLS 

Measurements for this investigation were taken in the U.S. Customary 
System of Units. Equivalent values are indicated herein parenthetically in the 
International System (SI) in the interest of promoting use of this system in 
future NASA reports. Details concerning the use of SI, together with physical 
constants and conversion factors, are given in reference 7. 

cP 

Cp , max 
D 

h 

E; 

href 

L 

2 

M 

NPr 

P 

9 

R 

T 

V 

P 

$ 

P - Pw 
1 2 pressure coefficient, 
2 pwvm 

stagnation-line pressure coefficient 

cylinder diameter, 1 in. (0.0254 m) 

heat-transfer coefficient, 

h/href 

1 Btu/ft2secoR (2.042 x lo4 watts/m2OK) 

distance from front of wedge to cylinder-wedge intersection 
(fig. l(b)) 

distance along cylinder stagnation line from tip (fig. 1) 

Mach number 

Prandtl number 

pres sur e 

heating rate per unit area 

Reynolds number 

t emp erat ur e 

velocity 

velocity gradient parameter (ref. 6) 

angular distance around cylinder in chordwise plane measured from 
stagnation line (fig. 2) 
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G a l l  gradient  of enthalpy p r o f i l e  parameter a t  w a l l  ( r e f .  6) 

A sweep angle, measured from cyl inder  bow shock t o  perpendicular t o  
l o c a l  flow d i rec t ion  ( f ig .  1) 

P densi ty  

Subscripts: 

a w  ad iaba t ic  w a l l  

D cyl inder  diameter 

e 

S s tagnat ion l i n e  

(D wedge flow 

wall  cyl inder  w a l l  

00 tunnel  f r e e  stream 

0 tunnel  s tagnat ion 

l o c a l  ex terna l  t o  boundary layer  

Tunnel 

Testing of t h e  models was conducted i n  t h e  Langley Mach 8 variable-density 
tunnel. 
with contoured w a l l s .  
nation pressure ranges f rom 7.80 t o  7.96 f o r  values of stagnation pressure from 
200 t o  1000 p s i  gage (1.379 t o  6.895 m/m2 gage). (See ref. 8.) A Mach number 
of  8 w a s  assumed f o r  t h e  highest  stagnation pressure tes ted ,  which w a s  2600 p s i  
gage (17.9 MN/m2 gage), a s  t he  tunnel ca l ib ra t ion  present ly  avai lable  does not 
extend t o  this value. For t h e  present t e s t s  t h e  stagnation temperature var ied  
from 840' F t o  1000° F (722' K t o  8 1 1 O  K ) .  The range of tes t - sec t ion  Reynolds 
number based on t h e  1-inch (0.0254-m) diameter of t h e  cylinder and free-stream 
conditions was from 0.77 x 105 t o  8.7 x 105. 

This tunnel  i s  of t he  blowdown type and has an ax ia l ly  symmetric nozzle 
The average tes t - sec t ion  Mach number var ia t ion  with s tag-  

Models 

General description.-  The models used consis ted of a s h a s  f l a t  p l a t e  
inc l ined  at a U o  angle t o  t h e  tes t - sec t ion  flow, thereby forming a U0 hal f -  
angle wedge, and c i r c u l a r  cyl inders  e i t h e r  a t tached t o  or separated from t h e  
wedge and swept a t  45' and 60° with respect t o  t h e  free stream. A s ide  view 
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of t h e  test  configuration where the  cyl inder  and wedge a r e  separated i s  
shown i n  f igu re  l ( a ) .  
19 inches (0.48 m) long, w a s  made of type 347 s t a i n l e s s  steel. 
w a s  supported by a strut at tached t o  t h e  top por t ion  of t h e  tes t  sec t ion  and 
was i n  pos i t ion  when t h e  tunnel w a s  s t a r t ed .  The 1-inch-diameter (0.025-m) 
cyl inders  were constructed of type 347 stainless s t e e l ,  and were provided 
with an e l l i p t i c a l l y  shaped end p l a t e .  The end of t h e  cyl inder  and t h e  end 
p l a t e  w e r e  p a r a l l e l  t o  t h e  l o c a l  wedge flow f o r  both sweep angles. 

The 12O half-angle wedge, 8 inches (0.20 m) wide and 
The wedge 

Shown i n  f igu re  l ( b )  i s  a s ide  view of t h e  t e s t  configuration where t h e  
cylinder and wedge a r e  attached. The same wedge and cylinders were used, but  
t h e  end p l a t e  w a s  removed and the cylinder w a s  at tached d i r e c t l y  t o  t h e  wedge. 
The length of t h e  cyl inder  was reduced f o r  t h i s  configuration. The cylinder 
w a s  at tached t o  t h e  wedge 1.5 inches (0.038 m)  off  t he  center  l i n e  of t he  wedge 
i n  order t o  avoid weak center  l i n e  disturbances i n  t h e  axisymmetric nozzle. 

I n  order t o  provide reference values, t h e  cyl inders  were t e s t e d  without 
t h e  wedge, but with t h e  same end p l a t e  as shown i n  f igu re  l ( a )  inc l ined  i n t o  the  
flow a t  12'. 
t h e  region near t h e  end p l a t e s .  

Thus undisturbed inf in i te -cy l inder  data  were obtained, except i n  

Instrumentation.- Four d i f f e ren t  cylinder models were constructed; two f o r  
each of two sweep angles, 45' and 60°. Two of t h e  cylinders were machined with 
a wal l  thickness of  0.030 inch (0.0008 m )  and served as hea t - t ransfer  models. 
The instrumentation locat ions were i d e n t i c a l  f o r  both t h e  hea t - t ransfer  and the  
pressure models and a r e  shown i n  f igu re  2. The thermocouples were i n s t a l l e d  by 
d r i l l i n g  a 0.026-inch (0.0007-m) hole through the  skin, i n se r t ing  and soldering 
the  ends of a N o .  30 gage iron-constantan thermocouple (0,010-inch-diameter 
(0.0003-m) wire), and f a i r i n g  t h e  region f l u s h  with t h e  surrounding surface. 
The o ther  two cylinders were made with a w a l l  thickness of 0.0625 inch 
(0.002 m )  and were instrumented with pressure o r i f i c e s .  
0.04O-inch (0.001-m) inside-diameter monel tubing used were s i l v e r  soldered 
f lu sh  with the  surface of t h e  model. The wedge w a s  not instrumented. 

The ends of t h e  

Equipment 

The temperature-time h i s t o r y  of t h e  model w a s  recorded on magnetic tape 
with an analog t o  d i g i t a l  da ta  recorder system. A d i g i t a l  computing machine 
was used t o  reduce t h e  temperature da ta  t o  heat ing rates. The pressure data  
were recorded photographically from mercury manometers. Tunnel stagnation 
pressure w a s  measured with a Bourdon tube gage. 

TEST PROCEDURES AND DATA REDUCTION 

The hea t - t ransfer  da ta  were obtained by t h e  t r ans i en t  heating technique. 
For t h i s  technique steady flow w a s  es tabl ished i n  t h e  t e s t  sec t ion  with t h e  
model outs ide t h e  tunnel;  t h e  model w a s  then in j ec t ed  i n t o  t h e  t e s t - sec t ion  
flow f o r  t h e  t es t  period, which w a s  about 4 seconds i n  duration. The model 
w a s  then removed and brought t o  isothermal conditions a t  approximately room 
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temperature i n  preparat ion f o r  another tes t .  The t i m e  required t o  move the 
model through t h e  tunnel  boundary l aye r  w a s  about 0.05 second, and care  w a s  
taken t o  eliminate t h i s  e f f e c t  from t h e  data.  

For tests of t h e  configuration w i t h  t h e  cyl inder  and wedge separated, only 
the  cylinder w a s  in jec ted ,  but f o r  tests of t h e  configuration with t h e  cylinder 
and w e d g e  attached, t h e  e n t i r e  model w a s  in jected.  

The temperature da ta  w e r e  reduced t o  heat ing rates on a d i g i t a l  computing 
machine. Details of da ta  reduction methods used may be found i n  reference 9. 
I n  order t o  obtain values of t h e  hea t - t ransfer  coef f ic ien t ,  a recovery f a c t o r  
of 0.85 w a s  assumed f o r  laminar boundary-layer flow, and 0.89 f o r  t r a n s i t i o n a l  
or turbulent  flow. The recovery f a c t o r  i s  defined as (Taw - Te)/(To - T e ) *  

The pressure data were a l so  taken by i n j e c t i n g  the  model i n t o  t h e  t e s t  
sect ion after t h e  tunnel  w a s  s t a r t ed ,  but t h e  t e s t i n g  time w a s  of t h e  order of 
30 seconds t o  allow s e t t l i n g  out t i m e  f o r  the mercury manometers. 

ACCURACY 

Heat-Transfer D a t a  

The accuracy of t he  hea t - t ransfer  data obtained by means of the automatic 
data-reduction system i s  a function of t h e  heat ing r a t e s  being measured. 
Because of e r ro r s  i n  t h i s  system and t h e  p o s s i b i l i t y  of addi t iona l  e r ro r s  i n  
measured temperatures, skin thickness,  and t h e  values of density and spec i f i c  
heat of t h e  mater ia l  used, t h e  f i n a l  heat- t ransfer-coeff ic ient  data  a re  probably 
accurate t o  within 1-5 percent. 

Pressure Data 

The accuracy of t he  pressure data  i s  determined by t h e  accuracy within 
which the  manometer data can be read from t h e  f i l m .  The percent e r r o r  i s  a 
function of t h e  pressure l e v e l  being measured s ince  t h e  absolute e r r o r  i s  
about 0 . 0 1 i n c h  (0.0003 m) of mercury. Because of these reading e r ro r s  and 
also because of t h e  p o s s i b i l i t y  of e r r o r s  i n  tunnel  stagnation pressure,  t h e  
f i n a l  da ta  a r e  accurate t o  within 5 percent.  

RESULTS AND DISCUSSION 

Flow F ie ld  

Shown i n  f igu re  3 a re  sch l ie ren  photographs f o r  t h e  configurations with t h e  
cylinder swept back 45' w i t h  respect  t o  the  free stream. Figure 3(a) i s  a 
sch l ie ren  photograph of t h e  undisturbed cyl inder  and shows tha t  t h e  bow shock 
becomes p a r a l l e l  t o  t he  swept cyl inder  about 2 t o  3 diameters from t h e  t i p .  
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Figure 3(b)  i s  a photograph of a t e s t  with t h e  cylinder and wedge separated 
and f igure  3(c)  i s  a photograph of a t e s t  with t h e  cylinder and wedge attached. 
The s t ructures  of these flow f i e l d s  can bes t  be explained by considering two- 
dimensional theory f o r  t h e  in te rsec t ion  of two shocks. 

Shown i n  f i g u r e  4 i s  a schematic sketch of t h e  inv isc id  two-dimensional 
flow f i e l d  associated with t h e  in te rsec t ion  of two shocks of t h e  same family 
( re f .  10). 
attached as i n  f igure  3 ( c ) .  
wedge shock i n t e r s e c t  a t  point A. An extension of t h e  cylinder bow shock con- 
t inues downstream between regions 1 and 5 ,  and i s  def lected away from t h e  
cylinder. A vortex sheet or ig ina tes  a t  point  A and forms t h e  boundary between 
regions 4 and 5.  Expansion waves emanate from point  A, impinge on the  cylinder,  
and a r e  re f lec ted  back; thus they i n t e r a c t  with t h e  continuation of the  cylinder 
bow shock and turn this shock back toward t h e  cylinder. If two-dimensional 
flow i s  assumed, t h e  expansion from region 3 t o  region 4 must f u l f i l l  t h e  c r i -  
t e r i a  t h a t  the  s t a t i c  pressures a r e  equal and t h a t  t h e  flow direct ions a r e  t h e  
same i n  regions 4 and 5. 
favorable spanwise pressure gradient.  
pressure, which should be approximately equal t o  the  pressure on an undisturbed 
cylinder a t  the l o c a l  sweep angle subjected t o  t h e  tes t - sec t ion  flow. 

The case shown corresponds t o  that of t h e  cylinder and wedge 
The cylinder bow shock and t h e  two-dimensional 

The expansion impingement on the  cylinder causes a 
Region 6 i s  therefore  a region of low 

I n  f igure  3(b)  i t  can be seen that  the  two shocks i n t e r s e c t  and t h a t  t h e  
cylinder bow shock i s  def lected away from t h e  cylinder. A vortex sheet emanates 
from the  in te rsec t ion  region. The l i n e  which appears where the  expansion waves 
should be i s  the continuation around the  cylinder of t h e  two-dimensional wedge 
shock. However, the  e f f e c t  of the  expansion waves can be seen where the  bow 
shock i s  deflected back toward the  cylinder. A l s o ,  the  vortex sheet changes 
direct ion because of the  passage of the  re f lec ted  expansion waves. 

The separation dis tance between the  cylinder and the  wedge w a s  0.63 inch 
(0.016 m) and w a s  l a r g e r  than t h e  l o c a l  wedge boundary-layer ve loc i ty  thick- 
ness, which f o r  t h e  lowest u n i t  Reynolds number w a s  calculated by the  method 
of reference 11 t o  be 0.15 inch (0.004 m) a t  a dis tance of 1 foot  (0.305 m) 
from the  wedge leading edge. Therefore, t h e  wedge boundary layer  should not 
a f f e c t  the  flow over t h e  cylinder.  
and wedge attached, shows t h e  same flow c h a r a c t e r i s t i c s  as f igure  3(b). Com- 
parison of f igures  3(a) and 3(b) shows that t h e  standoff distance of t h e  
cylinder bow shock i s  always la rger ,  within the f i e l d  of view, f o r  the wedge- 
interference configuration than f o r  the  cylinder only. Presumably t h i s  d i f -  
ference would decrease with increasing spanwise dis tance from the  disturbance. 

Figure 3 ( c ) ,  which i s  for the  cylinder 

Figure 5 i s  a s e t  of photographs similar t o  f igure  3, but f o r  t h e  configu- 
ra t ions  with the cylinder swept back 600. Inasmuch as the flow pa t te rns  shown 
i n  t h i s  f igure  f o r  the  600 swept cylinders a r e  similar t o  those shown i n  f i g -  
ure  3 f o r  t h e  cylinders with 45O of sweep, t h e  remarks made f o r  f igure  3 apply 
for t h i s  f igure  also.  That i s ,  t h e  flow f i e l d  i s  s i m i l a r  t o  what would be 
expected from two-dimensional shock-intersection theory. Again t h e  bow shock 
standoff dis tance f o r  t h e  interference configuration i s  l a r g e r  than t h a t  f o r  
the  cylinder only. 
t e s t s  ind ica te  t h a t  there  w a s  negl igible  flow separation a t  t h e  cylinder-wedge 
juncture f o r  Am = 60°. 

The photograph shown i n  figure 5(c)  and da ta  from other  
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Shown i n  f igu re  6 a r e  schl ieren photographs of t h e  wedge-cylinder i n t e r -  
sect ion region f o r  
increasing Reynolds number from K,D = 0.94 X lo5 A 
region of flow separat ion which apparently causes t h e  oblique shock, as indi-  
cated by t h e  arrow, can be seen i n  f igu re  6(a).  
increased, t h e  extent of flow separation decreases a s  evidenced by the  locat ion 
of t h e  oblique shock, u n t i l  a t  a value of %,D 
appears t o  be f u l l y  attached a t  t h e  wedge-cylinder juncture. A t  t h e  lower 
Reynolds numbers the re  i s  su f f i c i en t  flow separat ion t o  a f f e c t  t he  first ther -  
mocouple along t h e  cylinder.  

h, = 45'. The photographs a r e  arranged i n  order of 
t o  G,D = 3-31 x 105. 

A s  t h e  Reynolds number i s  

of about 3.05 x 105 t he  flow 

Pressure Distr ibut ions 

Spanwise.- Shown i n  figure 7 a r e  the  pressure d i s t r ibu t ions  along the  s tag-  
nation l i n e  of t h e  cyl inders  swept a t  45'. 
l o c a l  measured pressures  t o  tunnel stagnation pressures.  
r e s u l t s  f o r  t h e  undisturbed cylinder ( t h a t  is, t h e  wedge i s  not i n  t h e  flow) and 
f o r  t h e  wedge and cyl inder  attached. Two calculated pressure leve ls  a r e  shown 
on this p lo t .  
swept cyl inder  subjected t o  the  tes t - sec t ion  flow. The l e v e l  shown on t h e  l e f t  
i s  calculated by assuming a cylinder subjected t o  the  wedge flow f i e l d  and swept 
p a r a l l e l  t o  t he  cyl inder  bow shock as  measured before t h e  in te rsec t ion  point  
(4 i n  f i g .  4 ) .  
respect t o  t h e  l o c a l  wedge flow. Indica ted 'a t  t h e  bottom of f igu re  7 a r e  t h e  
measured shock-intersection locat ion and t h e  calculated expansion-impingement 
region obtained by assuming t h e  two-dimensional flow f i e l d  shown i n  f igu re  4 
and using the  measured shock standoff distance.  Measurements f o r  t h e  undis- 
turbed cylinder (no wedge flow) a r e  included on these p l o t s  t o  ind ica te  t h a t  
t h e  disturbed values do approach the  measured inf in i te -cy l inder  values down- 
stream of impingement, i n  s p i t e  of t h e  l a rge r  shock standoff dis tance f o r  t he  
disturbed case. 

The data  a r e  given as r a t i o s  of t h e  
Figure 7(a) shows t h e  

The l e v e l  on t h e  r i g h t  i s  calculated by assuming an i n f i n i t e  

This measured shock angle gave a sweep angle of 53' with 

I n  this f igu re  it can be seen t h a t  t he  pressure i s  higher i n  the  region of 
t he  cylinder which i s  subjected t o  t h e  wedge flow than i n  the  region which i s  
affected by t h e  tes t - sec t ion  flow. The l eve l s  a r e  i n  approximate agreement with 
the  theo re t i ca l  values. The expansion impingement on t h e  cylinder causes a 
la rge  favorable spanwise pressure gradient i n  agreement with the  postulated flow 
mechanism of f igu re  4. 
i n f i n i t e  swept-cylinder value. 

The flow then overexpands before increasing t o  t h e  

Because of end e f f ec t s  the  measured sweep angle A, used f o r  t h e  wedge 
flow region i s  l e s s  than the  geometric sweep angle, which i s  450 + 120, o r  570. 
Therefore, t h e  calculated and measured pressure l eve l s  a r e  higher than the  
l eve l s  f o r  a cylinder a t  t h e  geometrical sweep angle. The following method 
could be used t o  obtain a conservative estimate of t h i s  pressure l e v e l  i n  t h e  
interference region f o r  design purposes: If t h e  shock standoff dis tance f o r  
t he  cylinder subjected t o  the  t e s t - sec t ion  o r  undisturbed flow and t h e  wedge 
shock loca t ion  are known, a shock in t e r sec t ion  point  can be found. Then i f  a 
shock i s  drawn from t h i s  i n t e r sec t ion  point  t o  t h e  cylinder-wedge junction, it 
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w i l l  represent a lower l i m i t  on t h e  l o c a l  sweep angle and therefore  an upper 
l i m i t  on t h e  pressure which could occur inboard of t h e  shock impingement. 
Application of this procedure t o  t h e  case of f igu re  7(a), for example, gives 
l+,, = 4 6 O ,  and results i n  a pressure r a t i o  of 0.013. 

Figure 7(b) shows r e s u l t s  f o r  t he  case of  the cylinder and wedge separated. 
The e s s e n t i a l  fea tures  of t h e  d i s t r ibu t ion  shown i n  t h i s  f i gu re  a r e  the  same as 
those of f igu re  7(a). Comparison of f igures  7(a) and 7(b) shows t h a t  there  i s  
no marked difference between t h e  r e s u l t s  f o r  t he  cylinder-attached and cylinder- 
separated cases. The f irst  data  point  i n  t h e  cylinder-attached p l o t  ( f ig .  7(a))  
i s  high, but this s t a t i o n  w a s  probably a f fec ted  by t h e  separation phenomena 
discussed i n  connection with t h e  sch l ie ren  photographs of f igu re  6. 
mean pressure i n  the  wedge flow region (excluding t h e  point  of 
f i g .  7(a))  i s  higher i n  f igu re  7(b)  than i n  f igu re  7(a) .  
pressure could be explained by t h e  f a c t  t h a t  t h e  cylinder bow shock forms 
more near ly  normal t o  t h e  wedge flow f o r  t h e  cylinder-separated case, where a 
small end p l a t e  i s  present ,  than f o r  t h e  attached case, where t h e  shock i s  
influenced by t h e  wedge boundary l aye r  ( f ig s .  3(b)  and 3 ( c ) ) .  

Also,  t h e  
2/D = 0.55 i n  

T h i s  d i f ference i n  

Shown i n  f igu re  8 a r e  t h e  spanwise pressure d i s t r ibu t ions  obtained f o r  t he  
Figure 8 ( a )  shows t h e  r e s u l t s  configurations w i t h  t h e  cyl inder  swept back 60°. 

f o r  t h e  wedge and cylinder attached, and f igu re  8 ( b ) ,  f o r  t h e  wedge and cylinder 
separated. &, = 45' 
configurations except t h a t ,  because of t h e  increase i n  sweep angle, t h e  wedge 
shock impinges f a r t h e r  out on t h e  cylinder.  
ind ica tes  t h a t  f o r  t h e  pressures for t he  cylinder separated 
( f ig .  8 ( b ) )  a r e  higher than those f o r  t he  cylinder attached ( f i g .  8 ( a ) ) .  
d i f ference w a s  probably due t o  t h e  same shock angle e f f e c t  discussed i n  connec- 
t i o n  with f igures  7(a) and 7(b) .  For f igu re  8 the  theo re t i ca l  l e v e l  i n  the  
wedge flow region w a s  computed i n  t h e  same manner as  f o r  f igu re  7, with the  
sweep angle of t h e  cylinder bow shock being 68' with respect t o  t he  wedge f l o w .  
Agreement of t he  data  with t h e o r e t i c a l  pressure leve ls  i s  generally good. 

The d i s t r ibu t ions  obtained are s imi la r  t o  those f o r  t h e  

Comparison of  f i gu res  8 ( a )  and 8 ( b )  
2/D 5 1.55 

This 

Chordwise.- Shown i n  f igu res  9 t o  11 a r e  the  r e s u l t s  of the  chordwise 
pressure measurements. Figure 9 presents  t h e  data  f o r  t he  undisturbed cyl inders  
f o r  both & = 45O and &, = 60°. Data a r e  shown f o r  th ree  spanwise s t a t ions .  
The r a t i o  Cp/Cp,max was formed a t  each spanwise s t a t i o n  by using t h e  measured 
s tagnat ion-l ine pressure f o r  Cp,max a t  t h a t  s t a t ion ;  therefore ,  by def in i t ion ,  

C+,/Cp,max = 1.0 A l s o  shown i n  t h i s  f i g -  
ure  i s  t h e  Newtonian pressure d i s t r ibu t ion ,  The s t a t i o n  f o r  
& = 60° a t  2/D = 1.05 and 9 = 60° i s  c loser  t o  t h e  end p l a t e  than t h e  cor- 
responding s t a t i o n  f o r  
f igu re  g(b) i s  probably due t o  in te r fe rence  from the  end p l a t e ,  which, f o r  t h e  
undisturbed cylinder,  w a s  not a l ined  with the  flow. 

a t  9 = Oo a t  a l l  spanwise s ta t ions .  
Cp/Cp,max = cos29. 

& = 45'. Therefore t h e  high point  a t  t h i s  pos i t ion  i n  

Shown i n  f igu re  10 a r e  t h e  data  f o r  t h e  wedge-cylinder configu- 
ra t ion.  I n  f igu re  lO(a) t h e  data  f o r  2/D = 1.05 and 2/D = 3.55 a t  @ = 30' 
a r e  i n  agreement with Newtonian theory, w h i l e  a t  
than t h e  theory. The measurements a t  2/D = 2.05 a r e  considerably above t h e  
theory a t  both 9 = 30' and 9 = 60°. The reason f o r  t h i s  e f f e c t  i s  as  follows: 

&, = 45O 

$if = 60° t h e  data  a r e  higher 
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The stagnation-line pressure distributions corresponding to figure lO(a) are 
shown in figure 7(a). 
gradient, which is caused by the expansion waves which emanate from the shock- 
intersection region. Inasmuch as these waves are at an angle to the cylinder, 
they will impinge on the cylinder at a smaller value of 
line (9 = O o )  than at stations where 
value at 9 = 0' 9 = 30' and 9 = 60° at the same 2/D station have not. This effect causes 
a lower value of 
ratio greater than 1 at 

The 2/D = 2.05 station is in the region of the spanwise 

2/D at the stagnation 
9 > Oo. Therefore the pressure-coefficient 

has been affected by the expansion, whereas the values at 

Cp,max, which.results in values of the pressure-coefficient 
9 = 30°, as seen in figure lO(a). 

In figure 10(b) the 

At 

2/D = 2.05 station is farther outboard from the shock- 
intersection region and therefore the expansion has already lowered the pressure 
at 9 = 30'. 
figure 10(a) is seen and is probably caused by the same phenomenon. 

9 = 60°, however, a small effect similar to that apparent in 

The chordwise distributions for the configurations with the cylinder swept 
back 60° are shown in figure 11. 2/D = 3.55 station 
is now the one in the expansion-impingement region, and the measured pressure 
values at 2/D = 3.55 therefore show the same trends exhibited at 2/D = 2.05 
in figure 10. 

As seen in figure 8, the 

Heat-Transfer Data 

Spanwise distribution.- Shown in figure 12 are typical heat-transfer dis- 
tributions for the undisturbed cylinder at sweep angles of 4 5 O  and 60°. 
distributions shown are for A l s o  shown in this figure are 
the infinite-cylinder values calculated by using the method of reference 6 for 
both laminar and turbulent stagnation-line boundary-layer flow. For turbulent 
flow, the reference temperature which appears in the theory was assumed to be 
the local value external to the boundary layer, and the values of n and a 
(parameters in the skin-friction law) suggested in reference 6 were used (that 

The two 
%,D = 2.55 x 105. 

is, 
the 

der 
the 

n = 4 and a = 0.0228). In all the heat-transfer-coefficient calculations, 
theoretical pressure levels shown in figures 7 and 8 were used. 

Figure l2(a) presents a distribution for the configuration with the cylin- 
swept back 45O at The fact that the data fall between 
two theoretical levels probably indicates that at this Reynolds number the 

%.,D = 2.55 x 105. 

stagnation-line boundary layer is transitional. The variations in the data for 
small values of 2/D are probably due to end effects. 

Figure Q(b) shows a distribution for l& = 60°, at &,D = 2.35 x 105, 
a.nd the agreement of the data with the theoretical turbulent level indicates 
that the stagnation-line boundary layer is turbulent at this Reynolds number. 
The low value of heat-transfer coefficient on the left of the curve could be 
caused either by end effects or by a tendency to retain laminar flow in this 
region. That is, the cylinder stagnation-line boundary layer at a 60° sweep 
angle may require a finite spanwise distance to become turbulent. 
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Shown i n  f igure  13 a r e  t y p i c a l  spanwise heat- t ransfer  d i s t r ibu t ions  f o r  t h e  
wedge-cylinder configurations with the  cylinder swept back 450. 
shows d is t r ibu t ions  f o r  t h e  wedge and cylinder attached a t  a free-stream Reynolds 
number of 2.66 x 105. 
t o  t h e  wedge flow f i e l d  and a f f e c t s  t h e  end portion of t h e  cylinder,  and t h e  
other  of which i s  due t o  t h e  tes t - sec t ion  flow and a f f e c t s  t h e  portion of t h e  
cylinder beyond the  shock-impingement region. The t h e o r e t i c a l  l e v e l s  shown were 
calculated by applying t h e  theory of reference 6 and t h e  l o c a l  conditions asso- 
c ia ted  with each of the  flow f i e l d s .  

Figure l3(a) 

There a r e  two flow regimes present,  one of which i s  due 

The values of 2/D f o r  shock in te rsec t ion  and calculated expansion impinge- 
ment a r e  indicated by v e r t i c a l  l i n e s  i n  f igure  l3(a).  
imate locat ion of t h e  vortex-sheet impingement. The heat- t ransfer  data a r e  i n  
agreement with t h e  theory i n  t h e  wedge flow region, but then seem t o  decrease 
with t h e  pressure l e v e l  (see f i g .  7 (a) ) ,  i n  t h a t  they follow t h e  overexpansion 
which occurs i n  t h e  pressure and then return t o  t h e  undisturbed-cylinder leve l .  
The measured values f a l l  below t h e  theory a f t e r  t h e  impingement of the  vortex 
sheet.  No increase i n  heating i s  apparent i n  the  shock-intersection region 
aside from the  higher values associated w i t h  t h e  wedge flow region. These wedge 
flow values can be adequately predicted,  as indicated by t h e  agreement between 
the turbulent theory and t h e  data.  This agreement ind ica tes  t h a t  t h e  stagnation- 
l i n e  boundary layer  i s  turbulent  a t  
the  wedge Reynolds number R, D i s  higher than t h e  tes t - sec t ion  value, and 
therefore  t r a n s i t i o n  f o r  in te r fe rence  flow would be expected t o  occur a t  a 
lower value of free-stream Reynolds number 

A l s o  shown i s  t h e  approx- 

x,D = 2.66 x 105. It should be noted that  

( 7 )  

%, than f o r  an undisturbed 
cylinder. c '4 

The data  point a t  2/D = 0.55 may have been affected by t h e  reimpingement 
o f  separated flow i n  the cylinder-wedge in te rsec t ion  region, which w a s  discussed 
previously i n  connection with f i g u r e  6. 

Figure l 3 ( b )  presents  t h e  data  f o r  t h e  cylinder and wedge separated a t  
approximately the same Reynolds number as t h a t  of f igure  l3(a) .  
the same type of d i s t r i b u t i o n  as i n  f igure  l 3 ( a ) .  
dicted by the  theory and again no la rge  increase i n  hs i s  apparent i n  t h e  
shock-impingement region. 

The data follow 
The general  l e v e l  can be pre- 

Shown i n  f igure  l 3 ( c )  a r e  t h e  data  f o r  a lower Reynolds number than t h a t  
of f igures  l3(a) and l 3 ( b )  with the  wedge and cylinder separated. Comparison 
of the  data with theory ind ica tes  t h a t  the boundary l a y e r  w a s  always laminar. 
Comparison of f igures  l 3 ( b )  and l 3 ( c )  ind ica tes  t h a t  the  conclusions reached 
from t h e  turbulent,  d i s t r i b u t i o n  can a l so  be applied t o  the  laminar. The con- 
clusions a r e  as follows: there  i s  no apparent increase i n  heating due t o  shock 
impingement; heating i s  higher on t h e  cylinder i n  t h e  wedge region than on t h e  
undisturbed cylinder;  and t h e  general  heating l e v e l s  can be calculated by using 
i n f i n i t e  swept-cylinder theory with appropriate local conditions. 

Figure 14 presents  a set of r e s u l t s  s i m i l a r  t o  those presented i n  f igure  13 
but f o r  the  wedge-cylinder configurations w i t h  the  cylinder swept back 60°. 
Figure 14(a) gives data  f o r  t h e  wedge and cylinder attached. The data  i n  t h i s  

11 



f igure  a r e  above t h e  theory i n  t h e  wedge region but are i n  f a i r  agreement i n  the  
undisturbed region. The flow i s  turbulent ,  and no increase i n  heating occurs i n  
t h e  shock-impingement region. Figure 14(b) presents  r e s u l t s  f o r  t h e  cylinder 
and wedge separated a t  approximately the  same Reynolds ,number. The agreement 
with theory i n  t h e  wedge flow region i s  much b e t t e r  i n  f igu re  14(b) than i n  f i g -  
ure  14(a) ,  but t h e  flow seems t o  require  about 1.5 inches (0.038 m )  of spanwise 
flow before the  turbulent  l e v e l  i s  achieved. The reason t h a t  t h e  data  a r e  above 
the  theory i n  f igu re  14(a)  and a re  i n  agreement with t h e  theory i n  f igu re  14(b) 
i s  not understood. The difference between the  pressure data  f o r  t h e  wedge flow 
region i n  f igures  8(a) and 8 (b )  i s  not grea t  but ind ica tes ,  i f  anything, t h a t  
t h e  data  f o r  f igu re  14(b)  should be above t h e  theory and t h a t  t h e  data  f o r  f i g -  
ure  14(a) should be i n  agreement with t h e  theory. However, t h e  opposite phenom- 
ena ac tua l ly  occurred. 

Shown i n  f igu re  14(c)  i s  a d i s t r ibu t ion  f o r  t h e  wedge and cylinder separa- 
Compari- 
Again, 

ted,  a t  a lower Reynolds number than t h a t  of f i gu res  14(a) and 14(b) .  
son of data  with theory ind ica tes  t h a t  t he  boundary l aye r  was laminar. 
as i n  the  laminar d i s t r ibu t ion  f o r  
i n  t he  shock-impingement region, and the  general  l eve l s  can be predicted,  
although i n  t h i s  f i gu re  t h e  data  a r e  below t h e  theory i n  both regions. 

A , =  45O, no increase i n  heating i s  apparent 

Figure 15 presents  a comparison of hea t - t ransfer -coef f ic ien t  d i s t r ibu t ion  
along t h e  cylinder stagnation l i n e  f o r  t h e  undisturbed cyl inder  and f o r  t h e  
cylinder and wedge separated. Tests were made f o r  L = 45' a t  approximately 
the  same Reynolds number f o r  t h e  two cases. A t  t h i s  free-stream Reynolds number 
the  upper port ion of t h e  dis turbed cyl inder  encounters a high enough l o c a l  
Reynolds number i n  t h e  wedge flow region f o r  t h e  f l o w  t o  become turbulent .  
shock in te rsec t ion  and expansion impingement, t h e  s tagnat ion-l ine boundary layer  
remains turbulent  but shows a tendency a t  l a rge  values of 2/D t o  rever t  t o  t h e  
laminar leve l .  

Af te r  

A t  t h e  same free-stream Reynolds number t h e  heating l e v e l  f o r  t h e  undis- 
turbed cylinder i s  s l i g h t l y  higher than t h e  t h e o r e t i c a l  laminar value. There- 
fo re  t h i s  comparison ind ica tes  t h a t  once the  s tagnat ion-l ine boundary layer  
becomes turbulent ,  t he  turbulence seems t o  propagate down t h e  stagnation l i n e  
i n t o  the  port ion of t h e  cyl inder  which i s  subjected t o  the  lower Reynolds number 
t e s t - sec t ion  f l o w .  

Correlation of stagnat ion-line heat - t r an t f  e r  _coefficignt-s-yith peyg-oLl. 
number.- Shown i n  fimres 16 and 17 a re  s tagnat ion-l ine hea t - t ransfer  coeff i -  v - ~~ 

c ien ts  p lo t t ed  as a funct ion of  l o d a l  Reynolds number f o r  t he  flow upstream of 
the  cylinder bow shock a t  given values of 
ind ica t ion  Concerning t h e  agreement between the  theory and t h e  data,  and a l so  
should serve t o  present  a more uni f ied  p i c tu re  concerning t h e  s t a t e  of t he  
s tagnat ion-l ine boundary layer ,  t h a t  i s ,  whether it i s  laminar or turbulent .  
Figure 16 presents  t h e  data  f o r  

2/D. These p l o t s  should give an 

& = 45' while f igu re  17 shows t h e  data f o r  
n, = 60°. 

Although t h e  s tagnat ion temperature f o r  d i f f e r e n t  configurations shown 
i n  f igures  16 and 17 varied from 850° F t o  1000° F (727' K t o  8 1 1 O  K ) ,  t h i s  
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var i a t ion  caused only s l i g h t  deviations i n  t h e  theo re t i ca l  values of 
therefore,  only one l i n e  i s  shown f o r  each theory, laminar and turbulent.  

hs, and, 

Figure 16(a)  shows t h e  heat- t ransfer  coef f ic ien t  i n  t h e  wedge flow region 
a t  2/D = 1.05 p lo t t ed  a s  a function of wedge-flow Reynolds number. The data  
a r e  i n  good agreement with the  theory f o r  both t h e  separated and attached con- 
f igurat ions.  
occur i s  seen t o  be about 1.3 x 105. 

The value of wedge Reynolds number where t r a n s i t i o n  begins t o  

Shown i n  f igu re  16(b) a r e  r e s u l t s  obtained i n  t h e  undisturbed region a t  
2/D = 4.3. 
(0.025-m) cylinder diameter. 
t h e  theory. The s tagnat ion-l ine boundary l aye r  f o r  t h e  undisturbed cyl inder  
remains laminar up t o  a value of 
l aye r s  f o r  t h e  in te r fe rence  flows become t r a n s i t i o n a l  a t  a value of %,D of 
about 1 X 19. 
i s  laminar, t h e  flow on the cyl inder  i n  the  wedge region i s  already turbulent  
because of the  higher l o c a l  Reynolds number there .  
propagate down the  cyl inder  i n t o  t h e  undisturbed flow region, as discussed i n  
connection with f igu re  15. 

The abscissa  i s  t h e  tes t - sec t ion  Reynolds number based on the  1-inch 
Again t h e  data  are i n  reasonable agreement with 

&,D of about 1.4 x 105, whereas t h e  boundary 

For t h e  values  of %,D where t h e  undisturbed cyl inder  flow 

This turbulence seems t o  

A l s o  shown i n  f igu re  16(b) i s  a dashed l i n e  which represents  turbulent  
theory f o r  which t h e  w a l l  temperature (looo F (311' K ) )  ins tead  of t h e  l o c a l  
temperature ex terna l  t o  t h e  boundary layer  was used as  the  reference tempera- 
tu re .  The theory which used Te as  t h e  reference temperature i s  seen t o  be i n  
b e t t e r  agreement with t h e  data.  

Shown i n  f igu re  l7(a)  a r e  t h e  data obtained i n  t h e  wedge flow region a t  
2/D = 2.05 The 
values f o r  t h e  cylinder and wedge attached a r e  above t h e  curve calculated by 
theory, as  discussed i n  connection with f igures  14(a)  and 1k(b) ,  except a t  t h e  
highest  value of Q,D. 
Approximately t h e  same value of t r a n s i t i o n  Reynolds number as  t h a t  f o r  t h e  con- 
f igura t ion  with t h e  cyl inder  swept back 45' i s  apparent i n  t h i s  f igure  

f o r  t h e  configurations with the  cylinder swept back 60°. 

However, t he  difference i s  only about 10 percent. 

(%,D M 1.3 x 105). 

Figure l 7 ( b )  presents  t h e  data  i n  t h e  undisturbed flow region a t  2/D = 5.3. 
For the  undisturbed cylinder,  t h e  t r a n s i t i o n  Reynolds number seems t o  be approx- 
i m a t e l y  1.4 x 105. 
cylinder swept back 4 5 O  and a l so  close t o  t he  value of 1.3 x lo6 f o r  t h e  wedge 
flow region. 
over t h e  range of e f f ec t ive  sweep angle from 4 5 O  t o  6 8 O ,  a value of about 
1 . 4  X lo5 i s  reasonable t o  assume f o r  a t r a n s i t i o n  Reynolds number f o r  swept 
cylinders i n  terms of l o c a l  flow conditions ahead of t h e  bow shock. The cyl in-  
der and wedge data  exhib i t  t h e  same reduction i n  free-stream t r a n s i t i o n  Reynolds 
number noted previously i n  f igu re  16(b).  

Again, t h i s  value i s  close t o  t h a t  f o r  t he  undisturbed 

It t'nerefore appears t h a t ,  a t  Mach 7.95 or 5.3 (wedge flow) and 

The agreement of t h e  da ta  with theory i n  f igu re  l7 (b )  i s  good. A dashed 
turbulent-theory l i n e  which assumed Twall as t h e  reference temperature i s  a l so  
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shown i n  this figure. The choice i n  this f i g u r e  between using Te o r  Twal l  
as the  reference temperature i s  not as clear-cut  as it w a s  i n  f igu re  16(b) .  

Chordwise d i s t r ibu t ion . -  Shown i n  f igu res  18 t o  20 a re  typ ica l  chordwise 
heat- t ransfer  d i s t r ibu t ions .  
undisturbed cyl inder  f o r  both sweep angles and f o r  both laminar and turbulent  
stagnation-line boundary-layer flow. The t h e o r e t i c a l  d i s t r ibu t ions  shown 
were computed by using t h e  method of reference 6 where, f o r  laminar flow 

Figure 18 presents  t h e  data  from t e s t s  on t h e  

- - 

= 1 w a s  assumed. I n  reference 6, 8; i s  the  gradient of t he  

enthalpy p r o f i l e  parameter a t  t h e  w a l l .  This assumption was made s ince t h e  
values of 
i s  involved. The measured hea t - t ransfer  coef f ic ien ts  have been nondimension- 
a l i zed  with respect  t o  t h e  measured s tagnat ion-l ine value a t  t he  same 
t ion .  Thus h/hs = 1 f o r  a l l  s t a t ions  a t  # = Oo. Inasmuch as  t h e  agreement 
obtained between measured and Newtonian chordwise pressure d i s t r ibu t ions  was 
good, t he  Newtonian values were used i n  t h e  appl ica t ion  of t he  theory. 

j3 a r e  a l l  g rea t e r  than 1 and therefore  only a 3 t o  4 percent e r r o r  

2/D s t a -  

Figure 18(a)  presents  t h e  data  f o r  a t e s t  with a laminar s tagnat ion-l ine 
boundary layer  and a sweep angle of 60°. 
c loses t  t o  t he  end p l a t e ,  and therefore ,  t h e  d i f fe rence  between the  theory and 
the  data a t  t h i s  s t a t i o n  i s  probably due t o  end e f f ec t s .  These data  a r e  shown 
t o  ind ica te  t h e  m a x i m u m  end e f f ec t s  which were measured. The data  a t  t h e  o ther  
two s t a t ions  a r e  s l i g h t l y  below the  calculated laminar d is t r ibu t ion .  Fig- 
ure  18(b) presents  data f o r  t he  same sweep angle but f o r  a turbulent stagnation- 
l i n e  boundary layer .  Again, t h e  2/D = 1.05 s t a t i o n  i s  disturbed by end e f f ec t s ,  
and therefore ,  these  data  do not agree with measurements a t  t h e  other  two sta- 
t ions .  # = 60° 
the  theory i s  20 percent below t h e  data. 
ence 6 f o r  t he  same sweep angle. The data  of t he  invest igat ion of reference 6 
a r e  about 28 percent above the  theory a t  
data  f o r  a laminar boundary layer  and a sweep angle of 45'. 
good agreement between t h e  laminar theory and the  data .  

The 2/D = 1.05 s t a t ion  i s  t h e  one 

The turbulent  theory i n  f igu re  18(b)  underpredicts t he  data;  a t  
A s imi la r  t rend  i s  shown i n  re fer -  

@ = 60'. I n  f igure  18( c)  a r e  shown 
Again, there  i s  

Figures 19 and 20 present data  f o r  t he  cyl inder  and wedge attached. The 
data  shown i n  f i g u r e  19 a r e  f o r  a sweep angle of 45' with respect t o  t h e  f r ee -  
stream flow. 
boundary layer ,  and t h e  data ,  both i n  t h e  wedge f l o w  region and downstream of  
expansion impingement, agree wel l  with t h e  t h e o r e t i c a l  d i s t r ibu t ion .  Fig- 
ure l g ( b )  presents  da ta  f o r  a t r a n s i t i o n a l  s tagnat ion-l ine boundary layer.  A 
comparison of  t he  da ta  with the  laminar- and turbulent-theory d i s t r ibu t ions  
shown i n  this f igu re  ind ica tes  that the  measured values a re  b e t t e r  represented 
by the  turbulent  d i s t r i b u t i o n  than by t h e  laminar d is t r ibu t ion .  
s ion of  the  chordwise pressure d i s t r ibu t ions  ( f ig .  lO(a ) ) ,  i t  w a s  noted tha t  t h e  
expansion waves i n t e r s e c t  t h e  cylinder a t  an angle, and therefore  a t  t h e  same 
2/D s ta t ion ,  t he  pressure l e v e l  a t  t h e  stagnation l i n e  could be below t h a t  a t  
some angle # around t h e  cylinder.  If t h i s  same explanation i s  applied t o  t h e  
heat- t ransfer  measurements, t he  reason f o r  t h e  high data  point  a t  2/D = 2.05 
and # = 30° i s  eas i ly  understood. 

Figure l g ( a )  shows t h e  d i s t r ibu t ion  f o r  a laminar s tagnat ion-l ine 

In  the  discus- 
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Shown i n  f igure  20 a r e  da ta  f o r  a turbulent  stagnation-line boundary layer  
for both sweep angles.  &, = 45O. 
Again, as f o r  t he  undisturbed cylinder,  t h e  theory i s  about 20 percent below 
t h e  data  a t  fi = 600. The Z/D = 2.05 s t a t ion  i s  i n  the  shock-impingement 
region, and therefore ,  t he  high da ta  point a t  t h i s  s t a t ion  a t  fi = 30° i s  
understandable i n  l i g h t  of t he  discussion of f igure  l g ( b ) .  

Figure 20(a) presents d i s t r ibu t ions  f o r  

Similar t rends  a r e  seen f o r  t he  data  f o r  &, = 60° shown i n  f igure  20(b); 
t h a t  is, t h e  data  a re  about 20 percent above the  turbulent  theory a t  
and the  data i n  t h e  expansion-impingement region (Z/D = 3.55) a re  higher than 
a t  t he  other  s t a t ions .  

(d = 60°, 

CONCLUSIONS 

Local hea t - t ransfer  r a t e s  and pressures have been measured on a l-inch- 
diameter cylinder i n  the  interference flow region between the  cyl inder  and a 
12O half-angle wedge. 
cylinder a t  sweep angles of 45' and 60° with respect t o  the  f r e e  stream. 
t e s t  Reynolds number, based on free-stream conditions and cylinder diameter, 
ranged from 0.77 X lo5 t o  8.7 X lo5. 
base of t he  cyl inder  attached t o  the  wedge and separated from the  wedge, and 
a l s o  on the  cylinder alone. 

The t e s t s  were conducted a t  a Mach number of 8 w i t h  t he  
The 

Tests  were made on configurations with the  

The following conclusions can be made: 

1. For both sweep angles loca l  heating i s  increased along the  port ion of 
the  cylinder subjected t o  t h e  wedge flow, but the  maximum increase can be pre- 
dicted f o r  both laminar and turbulent  stagnation-line flow by using loca l  con- 
d i t i o n s  i n  the  i n f i n i t e  swept-cylinder t heo r i e s  of NASA TR R-104. 

2. The theory f o r  turbulent  heating on i n f i n i t e  cylinders appeared t o  
agree b e t t e r  with t h e  data  i f  t he  l o c a l  temperature ex terna l  t o  the  boundary 
l aye r  w a s  used as t h e  reference temperature. 

3 .  The extent  of t he  flow separation i n  the  cylinder-wedge juncture w a s  
s m a l l  f o r  t he  present t e s t  conditions, and therefore ,  i n  t he  region of t h e  
measuring s ta t ions ,  t he re  w a s  no appreciable difference between t h e  data  f o r  
t h e  cylinder attached and cylinder separated. 

4. No l o c a l  increases  i n  heating were measured i n  the  region of the wedge 
shock impingement f o r  e i t h e r  laminar o r  turbulent  stagnation-line boundary-layer 
flow. 

5. The wedge flow caused t r a n s i t i o n  t o  occur a t  a lower value of free- 
stream Reynolds number f o r  t h e  cylinder-wedge configurations than f o r  an undis- 
turbed cylinder.  
c r i t e r i a  f o r  t he  wedge-cylinder t e s t s ,  t r a n s i t i o n  occurred both with and without 
t h e  wedge flow present a t  a value of l o c a l  Reynolds number ahead of the  cylinder 
bow shock of about 1 .4  X 105 based on cyl inder  diameter. 

However, i f  t h e  l o c a l  wedge Reynolds number i s  used as a 

1.5 
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6. When the  wedge flow caused t r a n s i t i o n  f o r  t he  wedge-cylinder configura- 
t i o n s  a t  a smaller value of free-stream Reynolds number than for t h e  undis- 
turbed cylinder,  then increased heating cha rac t e r i s t i c  of turbulent  boundary 
layers  pers i s ted  a l l  t he  way along the  cyl inder  f o r  both sweep angles of 45O 
and 60'. 

7. Comparison of t he  chordwise heat- t ransfer  data  with i n f i n i t e  swept- 
cylinder theory ind ica tes  t h a t  t he  theo re t i ca l  turbulent  d i s t r ibu t ion  underpre- 
d i c t s  t he  data  by 20 percent a t  60° around t h e  cylinder.  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Stat ion,  Hampton, V a . ,  Ju ly  29, 1965. 
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Note: Cylinder installed to intersect center 
of two-dimensional wedge shock. 

(a) Cylinder and wedge separated. 

Figure 1.- Test configurations. All lengths have been nondimensionalized with respect to cylinder diameter D. 



Note: Cylinder installed 1.5 
from wedge center line. 

(b) Cylinder and wedge attached. 

Figure 1.- Concluded. 

Distance to cylinder-wedge intersection 

4 5O 
60' 

8.75 
7.50 



Typical 
Model Skin thickness 

Heat transfer 
Pressure 

.030 

.0625 

+ Instrumentation site, 
thermocouple or pressure orifice 

(b) A, = 60'. 

Figure 2.- Sketch of cylinders showing location of heat-transfer and pressure instrumentation. All lengths have been nondimensionalized with 
respect to cylinder diameter D. 
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(a) Undisturbedcylinder. Rm.D = 3.21 X 16. 

L-65- 186 
(c) Cylinder and wedge attached. R = 1.34 X Id; 

m, D (b) Cylinder and wedge separated. R 

RyD = 3.27 X Id. 
= 2.28 X 16; 

a, D 
R,,D = 1.94 X Id. 

Figure 3.- Schlieren photographs for configurations wi th cylinder swept back 45'. 
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Figure 4.- Schematic sketch of typical schlieren photograph showing inviscid flow-field phenomena associated with intersection of two right running shocks. 



(a) Undisturbed cylinder. R = 3.32 X lo5. 
- *  D 

L- 65- 187 
(b) Cylinder and wedge separated. R 

Rw,D = 2.1 X I d .  

Figure 5.- Schlieren photographs of configurations wi th cylinder swept back 60'. 

= 1.47 X 1 6 ;  (c)  Cylinder and wedge attached. R = 1.47 X Id; 
a, D -, D 

Rw,D = 2.1 X 1 6 .  



Figure 6.- Schlieren photographs for A, = 45O, wedge and cylinder attached, showing extent of root flow separation as a 

function of Reynolds number. !L! = 0.4. 
TO 
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(a) Wedge and cylinder attached compared to undisturbed cylinder. 

Figure 7.- Pressure distribution along stagnation l ine of cylindrical probe. A, = 45'. 
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(b) Wedge and cylinder separated compared with undisturbed cylinder. 

Figure 7.- Concluded. 
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Figure 8.- Pressure distribution along cylinder stagnation line A, = 60'. 
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Figure 9.- Chordwise pressure distribution, cylinder only. 
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Figure 10.- Chordwise pressure distribution. A, = 45O. 
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Figure 11.- Chordwise pressure distribution. A, = 60’. 

Wedge-flow region 

Expans ion-imp ingement re gi on 
Newtonian 



w 
Iu 

3c x 10- 

23 

- 
hs 

10 

0 

I I 
I I 

I 
! 

I 
I 

I ! 
I 

I 
I 

- .. - . -. . _. ., I 
I I 

I 
I 

I 

I I I  I I I 
I 

I I 
I 

(a) A, = 45'. 

Figure 12.- Heat-transfer-coefficient distribution along cylinder stagnation l ine for undisturbed cylinder. R = 2.55 X Id. 
a, D 



I 1 

0 

_____4_ 
0 

I 

,o 

! I 

, 

I 

. -  

I 
.. 1 
Laminar, free-stream conditions 

I 

~ 

I 

! 

I 

I 

I 

I 1 

I 
I 

I 

I 

I I I 

I j 

(b) A, = 60'. 

Figure 12.- Concluded. 
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Figure 13.- Heat-transfer-coefficient distribution along cylinder stagnation line. A, = 45'; A, = 53'. 



I I 
Turbulent, wedge conditions, 

'l = 350 

I 

I 

I 

' 0 -  
40 I- o I I 

0 

b 

B @ @ 0- 
I 
l @ I  0 

I c c  
Laminar, wedge Conditions 

3 0 2c - 

Turoulent, free-stream 
conditions, Am = 43' 

3 

Laminar, free-stream conditions 1 
1 I ! I I i 

I 
Vortex in;p:rLgcnLni 

I I 

.5 1 .c 1.b 2.,; 2.3 h.L b.5 .*.L 4.3 5.0 5.3 6.0 6.5 . -  1, - 

w 
UI 

(b) Wedge and cylinder separated. R = 2.54 X lo5; Rw,D.= 3.77 X Id. 
a, D 

Figure 13.- Continued. 
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Figure 14.- Heat-transfer-coefficient distribution along cylinder stagnation line. A, = &lo; Au = 68O. 
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(b) Wedge and cylinder separated. R = 2.58 X lo5; R 
m, D w,  D = 3.7 x lo5. 

Figure 14.- Continued. 
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(c) Wedge and cylinder separated. R = 0.89 X 16; Ru,D = 1.28 X 16. 
a, D 

Figure 14.- Concluded. 
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Figure 15.- Heat-transfer-coefficient distribution along cylinder stagnation l ine showing effect of wedge flow field on state of stagnation-line boundary layer 

in  undisturbed region. A, = 45O. 
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(a) Wedge f l w  region. Z/D = 1.05; A, = 53O; M, = 5.3; To =: 1360° R. 

Figure 16.- Stagnation-line heat-transfer coefficient as a function of un i t  Reynolds number. A, = 45'. 

41 

I 



.1 

- 
hs 

.01 

.001 

0 Cylinder and wedge separated 
0 Cylinder and wedge attached o Cylinder only 

6 10 

(b) Undisturbed f low region. Z/D = 4.3; M, = 7.95; Am = 45'; To 1325OR. 

Figure 16.- Concluded. 
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Figure 17.- Stagnation-line heat-transfer coefficient as a funct ion of unit Reynolds number. Am = 60'. 
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Figure 17.- Concluded. 
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(b) Rm,D = 2.56 X Id; A, = 60'. 

Figure 18.- Chordwise heat-transfer distribution, cylinder only. 
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(c) Rm,D = 1.24 X Id; A, = 45'. 

Figure 18.- Concluded. 
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(b) Rm,D = 1.34 X 16. 

Figure 19.- Chordwise heat-transfer distribution for laminar and transitional stagnation-line boundary-layer flow, cylinder and 
wedge attached. A, = 45'. 
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(b) Rm,D = 2.46 X lo5: A, = 60'. 

Figure 20.- Chordwise heat-transfer distribution for turbulent stagnation-line boundary layer, cylinder and wedge attached. 
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